The mixing of new vectorlike leptons with leptons in the standard model can generate flavor violating couplings of h, W and Z between heavy and light leptons. Focusing on the couplings of the muon, the partial decay width of h → e ± 4 µ ∓ , where e 4 is the new lepton, can be significant when this process is kinematically allowed. Subsequent decays e ± 4 → Zµ ± and e ± 4 → W ± ν lead to the same final states as h → ZZ * → Zµ + µ − and h → W W * → W µν, thus possibly affecting measurements of these processes. We calculate h → e 4 i → Z i j , where i,j are standard model leptons, including the possibility of off-shell decays, interference with h → ZZ * → Z i i , and the mass effect of i,j which are important when the mass of e 4 is close to the mass of the Higgs boson. We derive constraints on masses and couplings of the heavy lepton from the measurement of h → 4 . We focus on the couplings of the muon and discuss possible effects on h → ZZ * from the region of parameters that can explain the anomaly in the measurement of the muon g − 2. *
We calculate h → e 4 i → Z i j , where i,j are SM leptons, including the possibility of off-shell decays, interference with h → ZZ * → Z i i , and the mass effect of i,j which are important when the mass of e 4 is close to the mass of the Higgs boson. We derive constraints on masses and couplings of the heavy lepton from the searches for h → ZZ * → 4 at ATLAS [1] and CMS [2] .
Although our calculation is general and can be presented for any final state, we focus on the couplings of the muon and discuss possible effects on h → ZZ * → 4µ or 2e2µ from the region of parameters that can explain the anomaly in the measurement of the muon g − 2. It has been shown that the discrepancy between the measured value of the muon anomalous magnetic moment and the SM prediction can be explained by contributions from extra vectorlike leptons [3, 4] . A particularly interesting solution to the muon g − 2 simultaneously explaining the muon mass completely from the mixing of the muon with vectorlike leptons requires the mass of the lepton doublet to be within about 130 GeV [4] .
Thus in a large range of the parameter space this solution predicts the existence of e 4 below the Higgs mass and thus h → e ± 4 µ ∓ could be kinematically open and potentially significant.
The e 4 −µ−h, e 4 −ν −W and e 4 −µ−Z couplings needed to explain the muon g −2 anomaly are sufficient to modify the Higgs decays in 4 and 2 2ν channels. Thus the contributions to the muon g − 2 and h → 4 can be connected without any further assumptions. The correlation with contributions to other Higgs decays, h → µ + µ − and h → γγ, can be also found in [4] .
Flavor violating Higgs decays into pairs of SM fermions were previously studied in Refs. [5, 6] . These can also be induced by mixing of SM fermions with vectorlike fermions; however, we do not consider this possibility here. We only allow one of the SM leptons to mix with vectorlike leptons in which case the flavor violating couplings to SM leptons are not generated.
In general, vectorlike quarks and leptons near the electroweak scale provide very rich phenomenology. For a recent discussion see for example Ref. [7] and references within. The addition of three or more complete vectorlike families also provides a simple UV completion of the SM featuring gauge coupling unification, sufficiently stable proton, and the Higgs quartic coupling remaining positive all the way to the grand unified theory (GUT) scale [8, 9] . This paper is organized as follows. In Sec. II, we briefly summarize the general framework and discuss constraints on possible flavor violating couplings between the muon and a heavy lepton. In Sec. III, we calculate the effect of h → e
We also discuss a connection with the explanation of the muon g − 2 anomaly in Sec. IV and provide some concluding remarks in Sec. V. In Appendixes we extract bounds on h → 4µ and h → 2e2µ from ATLAS and CMS searches, compare the ATLAS and CMS limits on couplings and masses of the new lepton, and calculate the partial width of a scalar to four leptons in the presence of general flavor violating couplings of the new lepton. These formulas include the mass effects of final state leptons and interference with h → ZZ * . We also briefly comment on the impact of constraints from h → W W * → 2 2ν which are typically weaker than those from h → ZZ * → 4 , unless BR(e ± 4 → W ± ν) is close to 1.
II. OUTLINE OF THE FRAMEWORK
We extend the SM by vectorlike pairs of new leptons, L L,R and E L,R , where E R (L L ) has the same quantum numbers as µ R (µ L ) in the SM, and E L (L R ) is its vectorlike partner. For SU(2) doublets we use the same label for their charged components as for the whole doublets.
We assume that the new leptons mix only with one SM lepton and we take the muon as an example. The results for the electron or tau lepton could be obtained in the same way.
If the new leptons mix simultaneously with more than one SM lepton, the generated flavor violating couplings need to satisfy all the constraints from a variety of processes involving SM fermions. We will not pursue this direction here, and for simplicity we assume that all other couplings are zero.
With this assumption, the most general renormalizable Lagrangian for the muon and new leptons is given by:
where the first term is the usual SM Yukawa coupling, followed by Yukawa couplings between the muon and vectorlike leptons, Yukawa couplings between vectorlike leptons, and mass terms for vectorlike leptons.
After spontaneous symmetry breaking,
T , the resulting mass matrix
for the muon and the extra leptons can be diagonalized by a biunitary transformation:
where we label the new mass eigenstates by e 4 and e 5 .
Couplings of the muon and heavy leptons to the Z, W and Higgs bosons are modified because the E L is an SU(2) singlet mixing with other SU(2) doublets, and the charged component of L R which originates from an SU(2) doublet mixes with other SU(2) singlets.
The flavor conserving couplings receive corrections and flavor violating couplings between the muon and heavy leptons are generated. These couplings are given in Ref. [4] in terms of diagonalization matrices. The forms of diagonalization matrices U L,R , which are useful for deriving approximate formulas for couplings of Z, W and h, are also given in Ref. [4] in the
In what follows we assume that only one new lepton is below or close to the Higgs mass and we define the couplings of the lighter new lepton, e 4 , and the muon to the Z and Higgs bosons by the effective Lagrangian of the form
The formulas for these couplings, and all other couplings (couplings to W and flavor conserving couplings) in terms of Lagrangian parameters can be found in Ref. [4] .
In order to satisfy precision electroweak data related to the muon that include the Z pole observables (Z partial width, forward-backward asymmetry, left-right asymmetry), the W partial width, the muon lifetime and constraints from oblique corrections, namely from S of the muon, is given by
and the formula for e ± 4 → Zµ ± in the same approximation is given by
The complete formula for h → (e 
where ξ is the acceptance of the SM+new lepton contribution to h → Zµ
Because of the interference the contributions from new physics and the SM do not factor out.
The relative acceptance for h → 4µ case is given in Fig. 2 Defining the average Higgs coupling,
which approximately controls the partial width of h → e ± 4 µ ∓ , the y-axis of the plots in Fig. 3 could be very well approximated by g h BR(e 4 → Zµ) when e 4 is on-shell.
IV. CONNECTION WITH THE MUON g − 2 ANOMALY
The discrepancy between the measured value of the muon anomalous magnetic moment [10] and the SM prediction, ∆a In Ref. [4] it was shown that there are two generic solutions to the muon g − 2 that differ in the correlation between the contribution of the vectorlike leptons to the muon mass, m The sizes of possible contributions from vectorlike leptons to various observables depend on the upper limit on Yukawa couplings that we allow in the model. The upper limit 0.5 is sufficient to fully explain the muon g − 2 anomaly and generate the muon mass and is small enough so that the model can be embedded into a scenario with three complete vectorlike families which provides a simple UV embedding (with gauge coupling unification, sufficiently stable proton, and the Higgs quartic coupling remaining positive all the way to the GUT scale) [8, 9] . With this upper limit, the muon g − 2 can be explained within one standard mixing. In about half of the allowed region the mass of e 4 is below the Higgs boson mass and thus h → e ± 4 µ ∓ can significantly contribute to h → 4µ (2e2µ). The asymptotic solution requires, M L 1 TeV, but even in this case, the other charged lepton, originating mostly from E, can be below the Higgs mass. We will present results for both cases.
In this section, we use the same points in the parameter space generated for Ref. [4] so that the correlations with other observables studied in [4] , h → µ + µ − or h → γγ, can be easily inferred. However, we impose new constraints on h → µ + µ − from CMS, which limit
to R between a few and 50% for the small M L solution, and about 10% for the asymptotic case.
The rest of the width of e 4 is given by e 4 → W ν, since e 4 cannot decay to the Higgs boson.
The correlation between BR(e 4 → Zµ) and the average Higgs coupling g h defined in
Eq. (7) and CMS analyses is given in Appendix B for the h → 4µ case. The CMS analysis does not separate 2e2µ final states based on which pair of leptons originates from the on-shell Z, and thus the comparison in this channel is not possible.
In Appendix B we also briefly discuss constraints from h → W W * → 2 2ν on h →
We show that these constraints are weaker than those from h → ZZ * → We derived limits on couplings and the mass of the new lepton from ATLAS and CMS searches for h → 4 . We focused on the couplings of the muon and discussed possible effects on h → ZZ * → 4µ or 2e2µ from the region of parameters that can explain the anomaly in the measurement of the muon g − 2. Couplings required for the explanation of the muon g − 2 also generate h → e ± 4 µ ∓ → Zµ + µ − . This scenario predicts equal enhancement of h → 4µ and 2e2µ (first pair of leptons originating from the on-shell Z) and no enhancement in h → 4e and 2µ2e final states. We showed that scenarios that can explain the muon g − 2 within 1σ are typically ruled out by h → 4µ for m e 4 118 GeV. However, there are some viable scenarios with lighter e 4 , even close to the LEP limit. We also showed the impact of improved limits on h → ZZ * → 4µ in future. However, if e 4 is heavier than the Higgs boson, its effect on Higgs decay is negligible while it can still explain the muon g − 2.
, unless BR(e
We
We showed that these constraints are weaker than those from h → ZZ * → 4 , unless BR(e
is close to 1.
Vectorlike leptons can be pair produced at the LHC. Although e ± 4 → Zµ ± provides a very clean and distinctive signal, the rate for this decay mode might be small. The remaining decay mode, e ± 4 → W ± ν, which can be dominant, is harder to constrain. In addition, the new leptons can also decay into τ leptons reducing the number of light leptons in final states.
Compilation of constraints on vectorlike leptons from searches for anomalous production of multi lepton events can be found in Ref. [12] .
Note added. During the completion of this work papers studying effects of new physics on h → 4 appeared. In Ref. [13] , authors studied effects of new light scalar or vector fields, and in Ref. [14] , the effects of light SU (2) singlet vectorlike leptons were also considered.
Energy under Grant NO. DE-FG02-13ER42002. [16] ).
The expected number of h → 4 events after applying given selection cuts can be written as:
where η is the cut efficiency, σ 0 is the cross section that includes both the SM h → 4 and the new physics contribution before the cuts, and L is the integrated luminosity. The
, and E SM are the cut efficiency for the SM contribution only, the SM cross section before the cuts, and the expected number of the SM h → ZZ * → 4 events, respectively.
Finally, ξ is the relative cut acceptance η/η SM . The upper limit on σ 0 /σ 0 SM can be obtained by constraining the expected number of events E to be smaller than the 95 % CL s limit, 95 , obtained (below) from experiments,
Equivalently, we can obtain a limit on
where the cross sections σ and σ SM are those after applying the cuts. This quantity is related to R Zµµ , defined in Eq. (6):
in the region of the parameter space where the narrow width approximation works well.
Here, Γ tot h is the total decay width of the Higgs boson which includes possible decay mode to a new lepton, while Γ SM h = 4.07 MeV is the SM expectation [17] . In the modified frequentist construction, a confidence level 1 − α is obtained by the ratio of probabilities:
where D is the data and λ is the expected distribution in the signal-plus-background (H 0 ) and in the background-only (H 1 ) hypotheses. The signal-plus-background is given by
where s is the expected signal with statistical uncertainty √ s. We assume that the fractional systematic uncertainties Σ are the same as those in the SM h → ZZ 2] . Assuming every distribution is Gaussian we can take
where Φ is the cumulative distribution function. For a given set of D, b, Σ, σ b , and α the 1 − α confidence level limit is obtained from Eq. (A5). Setting α = 0.05 we obtain the 95 % C.L. limit, 95 .
In our analysis, in order to obtain the limits we include the SM h → ZZ * → 4µ (2e2µ) process in the signal. The upper bounds on µ = σ/σ SM as the 95% C.L. limits from both ATLAS and CMS data are shown in Table I . We do not include 2e2µ final state for the CMS since they do not separate 2e2µ and 2µ2e data (2e originating from on-shell or off-shell Z). of J/ψ → + − the number of observed events slightly increased. However, the bounds are similar to those in Table I : 3.04 for 4µ and 3.28 for 2e2µ.
Appendix B: Details of the analysis and comparison of ATLAS and CMS
The relative acceptances, ξ, are obtained using MadGraph 5 [19] for simulating the process gg → h → Zµ + µ − with subsequent decay of Z → µ + µ − or e + e − from the model written with
FeynRules [20] . We also used Pythia 6 [21] to include the initial and final state radiation.
The production processes include the new physics gg → h → e The constraints from h → W W * → 2 2ν on the new vectorlike lepton are typically weaker than those from h → ZZ * → 4 , unless BR(e ± 4 → W ± ν) is close to 1. Thus these constraints are relevant only in a limited region of the parameter space. This is illustrated in Fig. 13 where we plot the points from Fig. 9 (left) that satisfy the ATLAS limit R Zµµ < 2.8
Finally, we also analyzed the impact of constraints from
in g h BR(e 4 → W ν) -m e 4 plane. The approximate limit on µ ≡ σ/σ SM for e ± µ ∓ ν e ν µ final state (which is stronger than the limit for 2µ2ν µ final state) is indicated by a thick (red)
line. Only few points not excluded by h → ZZ * → 4 are excluded by h → W W * → 2 2ν. 
Amplitudes
The amplitudes for the three diagrams are:
where the notation for the couplings of the Z boson to fermions f and f i follows from the La-
, and the couplings of the scalar are defined by
Writing k 1,2 ≡ p 1,2 + p 3 , the amplitude squared for the first diagram is given by
The polarization vectors µ of the Z boson satisfy
and summing over final spins, we get
where
The |T 2 | 2 can be obtained from |T 1 | 2 , by making the following replacements:
• p 1 ↔ p 2 and m 1 ↔ −m 2 ,
• c v1 → c v2 , c a1 → c a2 , y v1 → y v2 and y a1 → −y a2 .
Traces
The results for the traces appearing in the amplitudes squared are: 
,
to match the notation in Eq. (3).
h → W tb
As a special case, in order to check and illustrate the usefulness of the general formulas, we calculate the partial decay width of the Higgs boson into W tb in the SM. There is only one diagram in this case since the contribution from W W * is negligible. To get this result from our calculation, we make the following replacements:
